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        The thymus is an organ that supports the dif-
ferentiation and selection of T cells (  1  ). The 
thymic development of T cells consists of sev-
eral processes that require the relocation of de-
veloping lymphocytes into, within, and out of 
the diff  erent environments of the thymus (  2  –  4  ). 
First, the thymic seeding progenitors (TSPs) 
enter the subcapsular cortical areas, where they 
encounter networks of cortical epithelial cells. 
Second, CD4  +  CD8  +   double-positive (DP) thy-
mocytes generated in the outer cortex are mo-
tile, interacting with stromal cells that are 
localized in the cortex for positive and negative 
selection. Third, positively selected thymocytes 
interact with medullary thymic epithelial cells 
to complete thymocyte development. Last, ma-
ture T cells export from medulla to peripheral 
lymphoid tissues. The thymus provides the func-
tional microenvironment to selectively induce 
T lineage diff  erentiation from the TSPs (  5  ). 
Notch signaling in the thymus infl  uences lineage 
decisions at multiple stages of T cell develop-
ment, the generation of early T lineage progeni-
tors (ETPs),         /         specifi  cation, and pre  –  T 
cell receptor signaling (  6  –  9  ). At the T cell  –  B 
cell branchpoint in the thymus, Notch signal-
ing is delivered to progenitors with T and B 
potential. These progenitors undergo the T lin-
eage development after receiving Notch signals 
and the B lineage development in the absence 
of Notch signals (  10, 11  ). Moreover, Notch 
signaling regulates the generation of ETPs after 
thymic entry of TSPs in the thymus (  12, 13  ). 
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  Notch signaling regulates lineage decisions at multiple stages of lymphocyte development, 
and Notch activation requires the endocytosis of Notch ligands in the signal-sending cells. 
Four E3 ubiquitin ligases, Mind bomb (Mib) 1, Mib2, Neuralized (Neur) 1, and Neur2, 
regulate the Notch ligands to activate Notch signaling, but their roles in lymphocyte devel-
opment have not been defi  ned. We show that Mib1 regulates T and marginal zone B (MZB) 
cell development in the lymphopoietic niches. Inactivation of the   Mib1   gene, but not the 
other E3 ligases,   Mib2  ,   Neur1  , and   Neur2  , abrogated T and MZB cell development. Recipro-
cal bone marrow (BM) transplantation experiments revealed that Mib1 in the thymic and 
splenic niches is essential for T and MZB cell development. Interestingly, when BM cells 
from transgenic Notch reporter mice were transplanted into   Mib1  -null mice, the Notch 
signaling was abolished in the double-negative thymocytes. In addition, the endocytosis of 
Dll1 was impaired in the Mib1-null microenvironment. Moreover, the block in T cell devel-
opment and the failure of Dll1 endocytosis were also observed in coculture system by Mib1 
knockdown. Our study reveals that Mib1 is the essential E3 ligase in T and MZB cell devel-
opment, through the regulation of Notch ligands in the thymic and splenic 
microenvironments. 
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T and MZB cell development. Moreover, an analysis of Mib1-
defi  cient hosts reconstituted with WT BM cells revealed that 
Mib1 regulates T and MZB cell development in the signal-
sending cells of the thymic and splenic microenvironments. 
In addition, Dll1 was not endocytosed but accumulated in 
the Mib1-null thymic niches. Consistent with the results from 
the   Mib1  -null mice, knockdown of Mib1 in OP9-DL1 abol-
ished T cell development and inhibited endocytosis of Dll1. 
These fi  ndings demonstrate that Mib1 is an essential E3 
ubiquitin ligase for Notch signaling in T and MZB cell de-
velopment in the thymic and splenic microenvironments. 
    RESULTS   
  The expression of E3 ubiquitin ligases of Notch signaling 
in lymphoid tissues 
  The expression of the E3 ubiquitin ligases of Notch signaling 
in lymphoid tissues suggests the involvement of these mole-
cules in lymphopoiesis. To test the relevance of the E3 ligases 
in lymphocyte development, we examined the expression of 
E3 ligase transcripts in lymphoid tissues, thymus, and spleen. 
Because we expected that the E3 ligases might work in the 
nonhematopoietic stromal cells, we measured the expression 
levels of E3 ligases in isolated cell populations by quantitative 
real-time RT-PCR. In the thymus, transcripts of all four E3 
ligases were detected in both CD45        nonhematopoietic and 
CD45  +   hematopoietic cells (  Fig. 1 A  ).   In particular, both the 
  Mib1   and   Mib2   transcripts were highly expressed, whereas 
the   Neur1   and   Neur2   transcripts were slightly expressed in the 
CD45        and CD45  +   compartments of thymocytes as well as 
the entire thymus. 
  In addition, transcripts of the four E3 ubiquitin ligases 
were also detected in the spleen (  Fig. 1 B  ). Although the   Mib2   
transcripts were the most abundant in the total spleen and 
CD45  +   hematopoietic cells, the   Mib1   and   Neur2   transcripts 
were highly expressed in the CD45        nonhematopoietic cells. 
These results suggest that Mib1, Mib2, Neur1, and Neur2 
might be involved in lymphocyte development and raise the 
possibility that the four E3 ubiquitin ligases might control 
Notch signaling in the thymic epithelial cells that express the 
Notch ligands (  30, 32, 33  ). 
  Block in T cell development in the   mouse mammary tumor 
virus   (  MMTV  )    –  Cre;Mib1  f/f     mice 
  To elucidate the requirement of E3 ligases in T cell develop-
ment, we used   Mib1  f/f    ,   Mib2      /       ,   Neur2      /        (  34  ), and   Neur1      /        
mice (  35  ). To investigate the eff  ect of Mib1 in T cell develop-
ment, the   Mib1  f/f     mice were bred with   MMTV-Cre   transgenic 
mice, expressing Cre recombinase under the control of the 
MMTV long terminal repeat promoter, which is active in vari-
ous cell lineages (  36  ). Mib1 expression was reduced in the thymi 
and spleens from   MMTV-Cre;Mib1  f/f     mice (  Fig. 1, C and D  ). 
  To determine which E3 ligase is required for T cell develop-
ment, fl  ow cytometric analyses were performed on the thymo-
cytes from the   MMTV-Cre;Mib1  f/f    ,   Mib2      /       ,   Neur1      /       , and 
  Neur2      /        mice. Unexpectedly, the thymocyte development, 
In addition, Notch signaling regulates the fi  nal diff  erentiation 
step of BM-derived B cells in the spleen, where it facilitates 
the generation of marginal zone B (MZB) cells while it sup-
presses the generation of follicular B (FOB) cells (  14  –  16  ). 
  Notch signaling is a widely used cell  –  cell signaling path-
way that plays a critical role in cell fate determination of vari-
ous lineages in vertebrates as well as invertebrates (  17  ). 
In mammals, four Notch receptors (Notch1  –  4) and fi  ve Notch 
ligands (Dll [Deltalike] 1, Dll3, Dll4, Jag [Jagged] 1, and Jag2) 
have been identified. Upon binding to their ligands, the 
Notch receptors undergo sequential proteolytic cleavages that 
result in the release of the Notch intracellular domain (NICD) 
and the Notch extracellular domain (NECD) ( 18  ). The NICD 
acts in the nucleus as a transcriptional regulator with RBP-J     
(  19  ), and the NECD seems to undergo transendocytosis along 
with Delta in the signal-sending cell (  20  ). A surprising, but 
poorly understood, fi  nding is that the internalization of Delta 
in the signal-sending cell is required to activate the Notch 
signaling in the receiving cells (  21  ). To date, two structurally 
distinct E3 ubiquitin ligases, Neuralized (Neur)-1/2 (Neur in 
  Drosophila melanogaster  ) and Mind bomb (Mib)  –  1/2, have been 
shown to regulate the endocytosis of Notch ligands in verte-
brates and invertebrates (  21  –  28  ). The requirement of Notch 
signaling for lymphocyte development has been well studied; 
however, the role of the E3 ubiquitin ligases that regulate 
T and MZB cell development is unknown. 
  Studies using Cre-loxP    mediated gene targeting have 
shown that specifi  c deletion of   Notch1   in hematopoietic cells 
leads to a complete block of T cell development with a sub-
stantial increase in B cells in the thymus (  11  ). In contrast, en-
forced expression of the active form of Notch1 inhibits B cell 
development in the BM (  29  ). These results demonstrate that 
Notch1 is indispensable for T cell commitment at the branch 
point of T cells versus B cells. Dll1 and Dll4, which are ex-
pressed in the thymic epithelial cells, have been suggested to 
be responsible for activating the Notch1 receptor in T cell 
progenitors (  30  ). Consistent with these fi   ndings, the BM 
stromal cell line OP9 ectopically expressing the Notch ligand 
Dll1 (OP9-DL1) or Dll4 loses its ability to support B cell 
lymphopoiesis but acquires the capacity to induce the diff  er-
entiation of hematopoietic stem cells (HSCs) into T cells 
(  16, 31  ). However, conditional deletion of Dll1 in mice 
shows that Dll1 is dispensable for T cell development (  16  ), 
and analysis of mice with fl  oxed Dll4 has not yet been re-
ported. In addition, although the requirement of Dll1 as well 
as Notch2 for the generation of MZB cells has been well stud-
ied in vivo (  16  ), the microenvironment that supports MZB 
cell development remains to be elucidated. Therefore, require-
ment of Notch signaling in the microenvironments to hema-
topoietic cells for lymphopoiesis in vivo needs to be clarifi  ed. 
  Therefore, to investigate which E3 ubiquitin ligase is es-
sential for T and MZB cell development and which types of 
cells in the thymus and spleen transduce Notch signals to 
their progenitors, we analyzed   Mib1   conditional KO (  Mib1  f/f    ), 
  Mib2      /       ,   Neur1      /       , and   Neur2      /        mice. Surprisingly, only 
the conditional inactivation of   Mib1   caused severe defects in JEM VOL. 205, October 27, 2008 
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the   MMTV-Cre;Mib1  +/f     mice (  Fig. 2 C  ). Because the ex-
pression of CD44 is not restricted to immature T cell pro-
genitors but is also expressed on B cells (  37  ), DN1 thymocytes 
in the   MMTV-Cre;Mib1  f/f     mice should contain increased 
B cells. Collectively, these results suggests that Mib1 is impor-
tant for T cell development, even though the individual dif-
ferences of defect in T cell development and generation of B 
cells exist in the   MMTV-Cre;Mib1  f/f     mice, probably because 
of variable gene deletion effi   ciency by MMTV promoter. 
  To further examine the essential role of Mib1 in T cell 
development, we used another   Mx1-Cre   transgenic line. The 
interferon-inducible promoter   Mx1   facilitates the expression 
of Cre recombinase in the various hematopoietic systems in 
response to interferon or interferon-inducing agents, such as 
polyinosinic-polycytidylic acid (pIpC) ( 38  ). 6 –  8-wk-old  Mx1-
Cre;Mib1  f/f     mice received four i.p. injections of the IFN     
inducer pIpC at 2-d intervals to inactivate the   Mib1   gene. 
Consistent with the results from the   MMTV-Cre;Mib1  f/f     mice, 
the block in T cell development and the increase of B cells in 
the CD4       CD8        DN subsets were also found in the thymi of 
the   Mx1-Cre;Mib1  f/f     mice at 12 wk after the last pIpC injec-
tions (  Fig. 2, E and F  ). The absolute numbers of total thymo-
cytes, CD4 SP, CD8 SP, and CD4  +  CD8  +   DP thymocytes 
were decreased in the   Mx1-Cre;Mib1  f/f     mice as compared with 
those of the control mice (Fig. S1 A, available at http://www
.jem.org/cgi/content/full/jem.20081344/DC1). Collectively, 
as well as the percentages and numbers of CD4 single-posi-
tive (SP), CD8 SP, CD4  +  CD8  +   DP, and TCR         T and NK 
cells in   Mib2      /       ,   Neur1      /       ,   Neur2      /       , and even   Neur1        /     ; 
Neur2        /      mice was comparable to that of WT controls 
(  Fig. 2 A   and not depicted), demonstrating that Neur1, Neur2, 
and Mib2 are dispensable for T cell development.   In contrast, 
T cell development was severely aff  ected in the   MMTV-
Cre;Mib1  f/f     mice. The percentage of DP thymocytes was dra-
matically reduced, whereas the percentage of CD4       CD8        
double-negative (DN) cells was relatively increased (  Fig. 2 A  ). 
In addition, the percentage of B220  +   cells was increased 
    7.8-fold in the CD4       CD8        DN thymocytes from the 
  MMTV-Cre;Mib1  f/f     mice, as compared with the   MMTV-
Cre;Mib1  +/f     mice (  Fig. 2 B  ). The absolute numbers of total 
thymocytes were reduced 3.6-fold in the   MMTV-Cre;Mib1  f/f     
mice as compared with those of the control mice. The CD4 
SP, CD8 SP, and CD4CD8 DP thymocytes were also re-
duced 2.7-fold, 2.1-fold, and 4.3-fold, respectively, whereas 
the DN cells remained relatively unaff  ected (  Fig. 2 C  ). Be-
cause most of the DN cells of the   MMTV-Cre;Mib1  f/f     mice 
are B cells, DN numbers appear to be unaff  ected because of 
the increase in the number of B cells rather than a DN to DP 
transition defect. 
  When DN thymocytes were analyzed for the expression 
of CD44 and CD25,   MMTV-Cre;Mib1  f/f     mice showed a 
block at CD44  +  CD25        DN1 thymocytes, as compared with 
    Figure 1.         The expression of E3 ubiquitin ligases and the deletion of Mib1 in the lymphoid tissues.   (A and B) The expression of E3 ligases in the 
thymus (A) and spleens (B). Total RNAs were prepared from the thymus and spleen (total) and nonhematopoietic (CD45       ) and hematopoietic (CD45  + ) 
fractions sorted from collagenase-treated thymi and spleens. They were subjected to quantitative real-time RT-PCR using specifi  c primers for   Cd45 ,  Mib1 , 
  Mib2 ,   Neur1  , and   Neur2  . Data are mean   ±   SD from triplicate experiments. The mean expression level of   Mib1   mRNA in the total thymus and spleen was 
defi  ned as 1 arbitrary unit, as compared with the expression levels of the E3 ubiquitin ligases. (C) Immunohistochemistry was performed on the cryosec-
tions from the   MMTV-Cre;Mib1  +/f    and   MMTV-Cre;Mib1  f/f    thymi with the anti-Mib1 antibody. Note that Mib1 expression (arrowheads) was reduced in the 
  MMTV-Cre;Mib1  f/f    mice thymus. Bars, 5   μ  m. (D) Total protein extracts of the spleens from the   MMTV-Cre;Mib1  +/f    and   MMTV-Cre;Mib1  f/f    mice were immuno-
blotted with the anti-Mib1 antibody.     2528 AN ESSENTIAL ROLE OF MIB1 IN LYMPHOPOIESIS   | Song et al. 
these results demonstrate that Mib1, among the four E3 li-
gases, is essential for T cell development. 
  Defective ETP generation in the   MMTV-Cre;Mib1  f/f     mice 
  T cells are generated in the thymus after colonization from 
the blood by BM-derived progenitors (  39, 40  ). Recent stud-
ies have suggested that Notch signaling is required for the 
generation of ETPs after the thymic entry of TSPs (  12, 13  ). 
To investigate which E3 ubiquitin ligase among the four E3 
ubiquitin ligases is required for the generation of ETPs, 
CD44  hi  CD25        DN1 thymocytes from the   MMTV-Cre;Mib1  f/f    , 
  Mib2      /       ,   Neur1      /       , and   Neur2      /        mice were analyzed for 
the expression of c-kit and CD24 because the c-kit  +  CD24        
and c-kit  +  CD24  lo   subpopulations, among the DN1 subsets, 
appear to most closely resemble canonical T cell progenitors 
in terms of proliferative capacity, early T lineage gene expres-
sion, and TCR rearrangements (  41  ). 
  Although the ETP generation was not disturbed in the 
  Mib2      /       ,   Neur1      /       ,   Neur2      /       , and even   Neur1        /     ;  Neur2        /      
mice, the   MMTV-Cre;Mib1  f/f     mice exhibited a dramatic de-
crease of the ETP populations, as compared with the controls 
(  Fig. 3 A  ).   Although the ETP populations in the thymus 
were markedly decreased, the LSK progenitors in the BM 
and blood were preserved in the   MMTV-Cre;Mib1  f/f     mice, 
indicating that the defective ETP generation is not caused by 
a decrease in LSK progenitors in the BM and blood (  Fig. 3 B  ). 
Moreover, the ETP generation was also dramatically reduced 
    Figure 2.         Impaired T cell development in the thymi of   Mib1   condi-
tional KO mice.   (A and B) Thymocytes from    8 – 10-wk-old  littermate 
controls (left) and the mutant (right) mice indicated were stained for CD4 
and CD8 (A) and CD19 and B220 gated on CD4      CD8       DN thymocytes (B) 
and were analyzed by fl  ow cytometry. Percentages of each population are 
indicated in the quadrants. Numbers are mean   ±   SD from 10 independent 
experiments. (C) Thymocytes from the indicated mice were analyzed by 
fl  ow cytometry for the expression of CD44 and CD25 gated on CD4      CD8      
DN thymocytes. Percentages indicated are mean   ±   SD from fi  ve indepen-
dent experiments. (D) Absolute cell numbers for total thymocytes and 
thymocyte subsets of the   MMTV-Cre;Mib1  +/f    and   MMTV-Cre;Mib1  f/f    mice 
were calculated and are shown as histograms. The error bars represent 
mean   ±   SD from fi  ve independent experiments. *, P   <   0.01. (E and F) The 
  Mx1-Cre;Mib1  +/f    and   Mx1-Cre;Mib1  f/f    mice were injected i.p. four times at 
2-d intervals with 300   μ  g pIpC. At     8  –  14 wk after the fi  nal injection, the 
thymocytes were analyzed by fl  ow cytometry for the expression of CD4 
and CD8 (D) and CD19 and B220 (E) gated on CD4      CD8       DN  thymocytes. 
Percentages indicated are mean   ±   SD from fi  ve independent experiments.     
    Figure 3.         Reduction of early T cell progenitors in the thymi of 
  MMTV-Cre;Mib1  f/f     mice.   (A) The thymocytes from the littermate control 
(left) and mutant (right) mice indicated were stained for CD4, CD8, CD44, 
CD25, CD24, and c-kit. ETPs were identifi  ed by CD24 and c-kit expression 
gated on CD4      CD8     CD25     CD44 +   cells. Percentages indicated are mean   ±   
SD from fi  ve independent experiments. (B) Leukocytes from the BM (top) 
and blood (bottom) of the   MMTV-Cre;Mib1  +/f    and   MMTV-Cre;Mib1  f/f    mice 
were stained for Sca-1 and c-kit gated on lineage-negative cells to 
identify LSK cells. Numbers indicate representatives of three independent 
experiments.   JEM VOL. 205, October 27, 2008 
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As expected, the AA4.1  +  IgM  high  CD23  +   T2 transitional B cell 
population was not decreased, which is in contrast to the signifi  -
cant reduction of cycling T2 cells in the   MMTV-Cre;Mib1  f/f     
mice (  Fig. 4 E  ). These results demonstrate that Mib1 is indis-
pensable for MZB lineage development and the generation of 
cycling T2 B cells but not AA4.1  +   transitional B cell subsets. 
  Regulation of T cell development by Mib1 in the thymic 
microenvironments 
  The   MMTV-Cre   and   Mx1-Cre   transgenic lines delete the 
fl  oxed genomic sequences in both hematopoietic and nonhe-
matopoietic cells (  36, 50  ), and the   Mib1   mRNA is expressed 
in the   Mx1-Cre;Mib1  f/f     mice (unpublished data). These re-
sults demonstrate that Mib1, among the four E3 ligases, is re-
quired for the ETP generation. 
  MZB cell defect in the   MMTV-Cre;Mib1  f/f     mice 
  Several recent reports demonstrated that Notch2 is critical for 
the generation of MZB cells, which is mediated through a spe-
cifi  c interaction with Dll1 (  14  –  16  ). To determine which E3 
ubiquitin ligase is required for MZB cell development by reg-
ulating Dll1, we examined B cell diff  erentiation in the   MMTV-
Cre;Mib1  f/f    ,   Mib2      /       ,   Neur1      /       , and   Neur2      /        mice. When the 
splenocytes from the mice were analyzed, the fraction of 
B220  +  CD21  +  CD23  lo/      MZB cells was markedly reduced only 
in the   MMTV-Cre;Mib1  f/f     mice, with a concomitant increase 
in the fraction of B220  +  CD21  +  CD23  +   FOB cells (  Fig. 4 A  ).   
The impaired MZB cell development in the   MMTV-Cre;Mib1  f/f     
mice was further confi  rmed with other markers, CD1d and 
CD9, which are expressed at high levels in MZB cells (  Fig. 4 
B  ) (  42, 43  ). Notch signaling reportedly induces the expression 
of CD21 (  44, 45  ), and the inactivation of   Notch2   in the spleno-
cytes down-regulates the expression of CD21 (  14  ). Consistent 
with these fi  ndings, the FOB cells in the spleens from the 
  MMTV-Cre;Mib1  f/f     mice also showed reduced expression of 
CD21 (  Fig. 4 C  ). Consistent with the results from the   MMTV-
Cre;Mib1  f/f     mice, the defect in MZB cell development was also 
found in the spleen of the   Mx1-Cre;Mib1  f/f     mice at 12 wk after 
the last pIpC injections (Fig. S2, A  –  C, available at http://www
.jem.org/cgi/content/full/jem.20081344/DC1). Surprisingly, 
MZB cell development was not disturbed in the other 
mutant mice, the   Mib2      /       ,   Neur1      /       ,   Neur2      /       , and even 
  Neur1        /     ;  Neur2        /      mice (  Fig. 4 A  ). Therefore, our results 
demonstrate that Mib1 is essential for MZB cell specifi  cation, 
whereas the other three E3 ligases are dispensable. 
  B lymphopoiesis occurs in the BM and yields newly 
formed or transitional B cells that emigrate to the spleen (  46  ). 
Two types of transitional mature B cell precursors exist in the 
spleen (  47  ). T1 (Type 1) transitional B cells, which are recent 
immigrants from the BM, develop into T2 transitional B cells 
in the spleen. These transitional B cells are the splenic pre-
cursors of FOB and MZB cells, whereas cycling T2 B cells, 
a subset of transitional cells, might not be a critical intermedi-
ate precursor of FOB cells (  48  ). To further analyze the late 
stages of B cell development, we examined the distribution 
of T1 and T2 B cells in the   MMTV-Cre;Mib1  f/f     mice. Al-
though no signifi  cant abnormality was observed in the frac-
tion of CD23       CD21       IgM  +   T1 B cells, the fraction of 
CD23  +  CD21  +  IgM  +   T2 B cells was dramatically reduced in 
the   MMTV-Cre;Mib1  f/f     mice, as compared with the control 
mice (  Fig. 4 D  ). Despite the decrease of T2 B cells in the 
  MMTV-Cre;Mib1  f/f     mice, however, FOB cell compartment 
was normal, suggesting that cycling T2 B cells might be de-
creased, whereas AA4.1  +   T2 transitional B cells maintained. 
Therefore, we analyzed AA4.1  +   transitional B cell subset in 
the spleen of the   MMTV-Cre;Mib1  f/f     mice. Expression of the 
AA4.1 marker has been shown to identify a pool of splenic B 
cells with typical characteristics of transitional B cells (  49  ). 
    Figure 4.         MZB cell defect in the   MMTV-Cre;Mib1  f/f     mice.   (A) The 
splenocytes from the indicated mice were analyzed by fl  ow cytometry for 
the expression of CD21 and CD23 gated on B220  +   cells. MZB and FOB 
cells were defi  ned as CD21  hi CD23 lo/      and  CD21 int CD23 hi  , respectively. Per-
centages indicated are mean   ±   SD from 10 independent experiments. 
(B) The splenocytes from the   MMTV-Cre;Mib1  +/f    (left) and   MMTV-Cre;Mib1  f/f   
(right) mice were stained for CD1d and CD9 gated on B220  +   cells.  Note 
the defective CD1d  hi CD9 hi   MZB cells in the mutant mice. Percentages 
indicated are mean   ±   SD from 10 independent experiments. (C) FOB cells 
from the   MMTV-Cre;Mib1  +/f    and   MMTV-Cre;Mib1  f/f    mice were analyzed by 
fl  ow cytometry for the expression of CD21. A representative of four inde-
pendent experiments is shown. (D) The splenocytes were stained with 
antibodies against CD21, CD23, and IgM and were analyzed by fl  ow cyto-
metry for the expression of CD21 and IgM, gated on the CD23        spleno-
cytes for T1 B cells, and gated on the CD23  +   splenocytes for T2 B cells. 
Numbers indicate mean   ±   SD from fi  ve independent experiments. (E) The 
splenocytes from the indicated mice were analyzed by fl  ow cytometry for 
the expression of CD23 and IgM gated on B220  + AA4.1 +   cells. The transi-
tional T2 B cells were defi  ned as CD23  + IgM hi  . Percentages indicated are 
mean   ±   SD from three independent experiments.     2530 AN ESSENTIAL ROLE OF MIB1 IN LYMPHOPOIESIS   | Song et al. 
development was severely aff  ected in the   MMTV-Cre;Mib1  f/f     
recipient mice, whereas the WT recipient mice showed normal 
thymocyte development, as in the untransplanted WT mice 
(  Fig. 5 B  ). Consistent with this fi  nding, the absolute numbers of 
total thymocytes were dramatically reduced (50.8-fold) in the 
  MMTV-Cre;Mib1  f/f     recipient mice, as compared with those of 
the control mice. Furthermore, the B220  +   cells were increased 
in the DN populations of the mutant recipient mice (  Fig. 5 B  ). 
These results show that Mib1 regulates T cell development in 
the nonhematopoietic thymic microenvironments. 
  To clarify whether the defect in T cell development is 
caused by the   Mib1   deletion in the thymic stromal cells, we 
prepared genomic DNA from the CD45        cell populations of 
the   MMTV-Cre;Mib1  +/f     and   MMTV-Cre;Mib1  f/f     mice, and 
performed genomic PCR with primers that amplify the allele 
deleted by Cre recombinase  –  mediated excision. As expected, 
  Mib1   was deleted     52% in isolated CD45        cell populations 
in both the CD45  +   hematopoietic and CD45        nonhemato-
poietic cells from the thymus (  Fig. 1 A  ). Therefore, the im-
paired T cell development in the   MMTV-Cre;Mib1  f/f     and 
  Mx1-Cre;Mib1  f/f     mice could be caused by either an autono-
mous defect in hematopoietic cells or a nonhematopoietic 
defect in other components residing in the thymus, such as 
stromal cells. To distinguish between these possibilities, le-
thally irradiated CD45.1 WT mice were reconstituted with 
BM cells from either the   MMTV-Cre;Mib1  +/f     or   MMTV-
Cre;Mib1  f/f     mice. At 12 wk after transplantation, all of the 
CD45.1 recipient mice displayed normal thymocyte develop-
ment, including B cell and ETP generation (  Fig. 5 A  ), in-
dicating that the defective thymocyte development in the 
  MMTV-Cre;Mib1  f/f     and   Mx1-Cre;Mib1  f/f     mice is not caused 
by the inactivation of   Mib1   in hematopoietic cells.   
  To investigate possible microenvironmental defects, the le-
thally irradiated 8  –  9-wk-old   MMTV-Cre;Mib1  +/f     and   MMTV-
Cre;Mib1  f/f     mice were reconstituted with BM cells from CD45.1 
congenic mice. At 5  –  6 wk after transplantation, both the 
  MMTV-Cre;Mib1  +/f     and   MMTV-Cre;Mib1  f/f     recipient mice 
were reconstituted by   >  95% donor origin cells, as assessed by 
fl  ow cytometry (unpublished data). Interestingly, thymocyte 
    Figure 5.         Regulation of T cell development by Mib1 in the thymic 
microenvironment.   (A) The lethally irradiated CD45.1 mice were injected 
intravenously with BM cells from the 12  –  15-wk-old   MMTV-Cre;Mib1  +/f   
and   MMTV-Cre;Mib1  f/f    mice. At 12 wk after transplantation, the thymo-
cytes were analyzed by fl  ow cytometry for the expression of CD4 and CD8 
gated on the CD45.2  +   populations (top), CD19 and B220 gated on the 
CD4      CD8       DN thymocytes (middle), and CD24 and c-kit gated on 
CD4      CD8     CD25     CD44 +   cells (bottom). Numbers indicate mean   ±   SD 
from four independent experiments. (B) The lethally irradiated   MMTV-
Cre;Mib1  +/f    and   MMTV-Cre;Mib1  f/f    mice were transplanted with CD45.1 
BM cells. At 5  –  6 wk after reconstitution with CD45.1 BM cells, the thymo-
cytes were stained for CD4 and CD8 (top) and B220 gated on the 
CD4      CD8       DN thymocytes (bottom). Numbers indicate mean   ±   SD from 
three independent experiments. (C) Genomic DNA was prepared from the 
CD45        cells sorted from thymi. Quantitative real-time PCR was performed 
to analyze the   Mib1   deletion using deleted allele-specifi  c primers. Expres-
sion of nondeleted allele served as a control for relative quantifi  cation. 
Data are mean   ±   SD from triplicate experiments. *, P   <   0.01.     
    Figure 6.         Regulation of MZB cell development by Mib1 in the 
splenic microenvironment.   (A) The lethally irradiated CD45.1 mice were 
injected i.v. with BM cells from the 12  –  15-wk-old   MMTV-Cre;Mib1  +/f    (left) 
and   MMTV-Cre;Mib1  f/f    (right) mice. At 12 wk after transplantation, the 
splenocytes were stained for the expression of CD21 and CD23 gated on 
the CD45.1  + B220 +   cells (top), CD1d and CD9 gated on the CD45.1  + B220 +  
cells (middle), and CD21 and IgM gated on CD45.1  + CD23       cells  (bottom). 
Percentages indicated are mean   ±   SD from fi  ve independent experiments. 
(B) The lethally irradiated   MMTV-Cre;Mib1  +/f    (left) and   MMTV-Cre;Mib1  f/f   
(right) mice (7  –  9 wk old) were transplanted with CD45.1 BM cells. At 5  –  6 
wk after reconstitution with CD45.1 BM cells, the splenocytes were ana-
lyzed as in A. Percentages indicated are mean   ±   SD from fi  ve independent 
experiments. (C) Genomic DNA was prepared from the CD45        cells  sorted 
from spleens and was analyzed by quantitative real-time PCR with de-
leted allele-specifi  c primers. Data are mean   ±   SD from triplicate experi-
ments. *, P   <   0.0001.     JEM VOL. 205, October 27, 2008 
ARTICLE
2531
  Because Mib1 regulates the endocytosis of Notch ligand 
(  26  ), we examined whether Delta is endocytosed into the 
endocytic pathway targeted to Hrs-positive vesicles (  52, 53  ) 
in the thymus. To clearly fi  nd out the defect in the Mib1-null 
microenvironment, the lethally irradiated   MMTV-Cre;Mib1  +/f     
from   MMTV-Cre;Mib1  f/f     mice as compared with that of the 
control mice (  Fig. 5 C  ). Collectively, these results suggest 
that Mib1 functions in the thymic microenvironment. 
  Regulation of MZB cell development by Mib1 in the splenic 
microenvironments 
  Because   Mib1   is expressed in both CD45  +   and CD45        cells in 
the spleen (  Fig. 1 B  ), we investigated whether Mib1 functions in 
the hematopoietic cells or in the microenvironments for MZB 
cell development. When the lethally irradiated CD45.1 WT 
mice were reconstituted with BM cells from either the   MMTV-
Cre;Mib1  +/f     or   MMTV-Cre;Mib1  f/f     mice, all of the CD45.1 re-
cipient mice displayed not only T1 B and T2 B cells but also 
normal MZB cell development (  Fig. 6 A   and not depicted), in-
dicating that the impaired MZB cell development in the 
  MMTV-Cre;Mib1  f/f     mice is not caused by an autonomous defect 
in hematopoietic cells.   However, in the reciprocal BMT experi-
ment, in which the lethally irradiated   MMTV-Cre;Mib1  +/f     and 
  MMTV-Cre;Mib1  f/f     mice were reconstituted with BM cells 
from CD45.1 congenic mice, B220  +  CD21  +  CD23  lo/      and 
B220  +  CD1d  +  CD9  +   MZB cell development was completely 
blocked in the   MMTV-Cre;Mib1  f/f     recipient mice, whereas it 
was unaff  ected in the control mice (  Fig. 6 B  ). In addition to 
MZB cells, cycling T2 B cell development, but not T1 B cell 
development, was severely aff  ected in the   MMTV-Cre;Mib1  f/f     
recipient mice (  Fig. 6 B   and not depicted). These results show 
that the impaired MZB cell development in the   MMTV-
Cre;Mib1  f/f     mice originated from a nonhematopoietic microen-
vironment. Consistent with these fi  ndings,   Mib1   was deleted 
    90% in isolated CD45        splenic stromal cells from   MMTV-
Cre;Mib1  f/f     mice as compared with that of the control mice 
(  Fig. 6 C  ), suggesting that Mib1 regulates MZB and cycling T2 
B cell development in the splenic microenvironments. 
  Defective Notch signaling in the   MMTV-Cre;Mib1  f/f     thymic 
microenvironments 
  The thymic stroma provides a unique microenvironment for 
T cell diff  erentiation, and it expresses multiple Notch ligands 
(  30, 32, 33  ). Several studies suggested that Dll1 and Dll4 in 
the thymic stroma might be the critical Notch ligands to acti-
vate Notch1 in T cell progenitors (  16, 32  ). Because Mib1 
regulates multiple Notch ligands, including Dll1 and Dll4, and 
T lineage commitment is blocked in the   MMTV-Cre;Mib1  f/f     
and   Mx1-Cre;Mib1  f/f     mice, we speculated that the inactiva-
tion of   Mib1   in the thymic microenvironment would prevent 
the activation of Notch signaling in T cell progenitors. To test 
this possibility, the lethally irradiated   MMTV-Cre;Mib1  +/f     and 
  MMTV-Cre;Mib1  f/f     mice were reconstituted with BM cells 
from the transgenic Notch reporter (TNR) mice, which ex-
press EGFP in cells upon Notch/CBF1 activation (  51  ). We 
readily observed EGFP expression in the DN thymocytes of 
the   MMTV-Cre;Mib1  +/f     mice at 4 wk after TNR BM trans-
plantation. In contrast, EGFP expression was almost absent in 
those of the   MMTV-Cre;Mib1  f/f     mice (  Fig. 7 A  ), indicating 
that the Mib1-null thymic microenvironment cannot activate 
Notch signaling in T cell progenitors.   
    Figure 7.         Notch signaling defect in the thymi of   Mib1   conditional 
KO mice.   (A) The lethally irradiated   MMTV-Cre;Mib1  +/f    (black) and   MMTV-
Cre;Mib1  f/f    (red) mice (7  –  9 wk old) were injected i.v. with BM cells from the 
TNR mice (  51  ). At 4 wk after transplantation, the thymocytes were ana-
lyzed by fl  ow cytometry for GFP expression gated on the CD4      CD8       DN 
thymocytes. Percentages indicated are mean   ±   SD from three independent 
experiments. (B  –  D) The lethally irradiated   MMTV-Cre;Mib1  +/f    and   MMTV-
Cre;Mib1  f/f    mice were transplanted with CD45.1 BM cells. 6 wk after trans-
plantation, the thymi were fi  xed and cryosections were immunostained 
with anti-Dll1 (B and C, red), anti-Hrs (B, green), anti-cytokeratin (C and D, 
green), and anti-Mib1 (D, red) antibodies with HOECHST (blue). Note that 
Dll1 was colocalized with Hrs (B, arrowheads) in the   MMTV-Cre;Mib1  +/f   
thymus, whereas it accumulated in the cytokeratin-positive cortical epi-
thelial cells of the   MMTV-Cre;Mib1  f/f    thymus (B and C, asterisks). The ar-
rowheads in C and D show the expression of Dll1 and Mib1, respectively. 
A representative of three independent experiments is shown. Bars, 5   μ  m.     2532 AN ESSENTIAL ROLE OF MIB1 IN LYMPHOPOIESIS   | Song et al. 
  Regulation of T cell development by Mib1 in the OP9-DL1 
stromal cells 
  It has been demonstrated that the culture of HSCs on OP9-
DL1 cells facilitates T cell development from HSCs (  31  ), 
whereas progression through the DN stages of T cell develop-
ment is impaired in the presence of the Notch signaling in-
hibitor (  54  ). To further examine whether the defect in T cell 
development in the   MMTV-Cre;Mib1  f/f     mice is caused by 
inability of   Mib1  -disrupted stromal cells to activate Notch 
signaling in hematopoietic cells, we transfected Mib1 small 
interfering RNA (siRNA) duplexes into the OP9-DL1 cells. 
Mib1 protein was signifi  cantly reduced 36 h after microporation 
in the Mib1 siRNA-treated OP9-DL1 cells (Mib1 siRNA/
OP9-DL1;   Fig. 8 A  ).   In addition, when C2C12-Notch1 cells 
transfected with a CBF-Luc vector carrying RBP-J     binding 
sites were cocultured with the Mib1 siRNA/OP9-DL1 cells, 
CBF-luciferase reporter activity was markedly reduced com-
pared with that of control siRNA-treated cells (control 
siRNA/OP9-DL1), suggesting that Mib1 is required for 
Notch signaling through regulating Dll1 function (  Fig. 8 B   
[reference   56  ]). 
  To test whether the Mib1 siRNA/OP9-DL1 cells are 
able to support the T cell development from HSCs, fetal liver  –
  derived LSK or BM-derived LSK cells were cocultured with 
either control siRNA/OP9-DL1 or Mib1 siRNA/OP9-DL1 
cells. Consistent with the results from the   Mib1  -null mice, T 
cell development was blocked at the DN1 stage, when both 
fetal liver  –  derived and BM-derived LSK cells were cultured 
on the Mib1 siRNA/OP9-DL1 cells (  Fig. 8 C  ). In addition, 
and   MMTV-Cre;Mib1  f/f     mice were reconstituted with BM 
cells from CD45.1 congenic mice. Expectedly, Dll1 was en-
docytosed to the cytoplasm as a punctate form and some en-
docytosed Dll1 was colocalized with Hrs in the thymi of the 
  MMTV-Cre;Mib1  +/f     recipient mice (  Fig. 7 B  , arrowheads). 
In the thymi of the   MMTV-Cre;Mib1  f/f     recipient mice, how-
ever, Dll1 was exclusively accumulated and did not colocal-
ize with Hrs (  Fig. 7 B  , asterisks). The endocytosis of Dll1 
to Hrs-positive vesicles was normal in the thymi from the 
  Mib2      /        and   Neur1      /       ;  Neur2      /        mice (Fig. S3 A, available 
at http://www.jem.org/cgi/content/full/jem.20081344/
DC1), suggesting that the endocytosis of Dll1 to Hrs-posi-
tive vesicles is dependent on Mib1. 
  Because Dll1 is expressed on cortical epithelial cells ( 54  ), we 
investigated whether Dll1 accumulates on cortical epithelial 
cells, and Mib1 expression is abolished in the thymic stroma 
of the   MMTV-Cre;Mib1  f/f     mice by immunohistochemistry. 
In the   MMTV-Cre;Mib1  f/f     thymus, Dll1 was accumulated 
by some of the cytokeratin-positive cortical epithelia cells 
where the expression of Mib1 was markedly reduced (  Fig. 7, 
C and D  ) (  26  ). The expressions of ERTR7, a marker of the 
mesenchyme-derived stromal cells (  55  ), and cytokeratin in 
the   MMTV-Cre;Mib1  f/f     thymus (Fig. S4, A and B, available at 
http://www.jem.org/cgi/content/full/jem.20081344/DC1) 
suggest that Mib1 does not aff  ect the diff  erentiation of the stro-
mal cells. Collectively, these data indicate that Mib1, among 
the four E3 ligases, plays a critical role in T cell develop-
ment by regulating the endocytosis of Notch ligands in the 
thymic microenvironments. 
    Figure 8.         Block in T cell development at DN1 stage in knockdown Mib1 in OP9-DL1 cells.   (A) Immunoblot of Mib1 protein in OP9-DL1 cells 36 h 
after microporation with control (ctrl) or Mib1 siRNA. Dll1 expression was not affected. (B) Control siRNA/OP9-DL1 or Mib1 siRNA/OP9-DL1 cells were 
cocultured with C2C12-Notch1 cells transfected with 8  ×   WT CBF-Luc vectors. 24 h after coculture, luciferase activities were measured. Data are mean   ±   SD 
from triplicate experiments. *, P   <   0.001. (C) Lin      Sca-1 + c-Kit +   fetal liver (FL-LSK) or BM (BM-LSK) cells were prepared and cultured on control siRNA/
OP9-DL1 or Mib1 siRNA/OP9-DL1 cells. Growing cells collected on days 5 or 7, respectively, were stained for CD44 and CD25 gated on CD4      CD8       DN cells 
and analyzed by fl  ow cytometry. A representative of three independent experiments is shown. (D) C2C12-Notch1 cells were cocultured on control siRNA/
OP9-DL1 or Mib1 siRNA/OP9-DL1 cells. After 12 h, the cells were stained with Dll1 antibody. Bars, 10   μ  m.     JEM VOL. 205, October 27, 2008 
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RBP-J    , MAML1, and MINT, exhibit a subset of defects 
in lymphopoiesis (  58  ). In this study, however, T and B cell 
development was not disturbed in the   Neur1/2   double KO 
mice, demonstrating that   Neur1/2   is not involved in these 
cell fate decisions. 
  In addition to Neur, Mib1 has been identifi  ed as another 
E3 ubiquitin ligase that interacts with Delta to promote its 
ubiquitination and internalization in the signal-sending cells, 
using zebrafi  sh mutant models (  21  ). In   D. melanogaster  , dMib1 
is involved in regulating Notch ligand endocytosis, and the ec-
topic expression of dNeur bypasses the requirement for dMib1, 
suggesting that they appear to be interchangeable in mediating 
the ubiquitination and internalization of the Notch ligand (  23, 
64, 65  ). However, dMib1 and dNeur are expressed in diff  erent 
patterns (  23, 64, 65  ), suggesting that both dNeur and dMib1 
regulate Notch ligand endocytosis in diff  erent contexts of 
Notch-dependent cell fate decisions. In contrast to the results 
in   D. melanogaster  ,   Mib1  -null mouse embryos showed com-
pletely defective Notch activation in terms of NICD gener-
ation and Notch-target gene expression (  26  ), whereas the 
  Neur1/2   double KO mice did not show any gross defects in 
mammalian development (  34  ). Consistent with these fi  ndings, 
a developmental block in T and MZB cell development, which 
is a prototype of a Notch signaling defect, was observed only 
in   Mib1  -null mice, suggesting an obligatory role of Mib1 in 
mammalian T and MZB cell development. 
  In addition to Mib1, we previously identifi  ed Mib2 as an 
E3 ligase that regulates Delta (  27  ). Overexpression of Mib2 
rescues both the neuronal and vascular defects in the zebrafi  sh 
  Mib  ta52b     mutants (  27  ), suggesting that they are interchangeable 
in mediating the ubiquitination and internalization of the Notch 
ligand. Mib2 is highly expressed in adult tissues, whereas Mib1 
is expressed in both embryonic and adult tissues (  27  ). There-
fore, although Mib1 is an essential core component of the 
mammalian Notch pathway that controls multiple Notch lig-
ands (  26  ), it is necessary to determine whether Mib1 regulates 
multiple ligands beyond embryonic development. The exis-
tence of Mib2, which has functional similarities to Mib1 and 
is highly expressed in adult tissues with Mib1, brings us to 
speculate that both Mib1 and Mib2 might have functional 
redundancy in the adult tissues (  27  ). However, in vivo stud-
ies using KO mice have revealed the essential role of Mib1 in 
Notch-mediated lymphocyte development beyond embry-
onic development. 
  We previously found that Mib1 is an essential regulator 
for generating functional Notch ligands to activate Notch 
signaling (  26, 34  ). In this study, the conditional inactivation 
of   Mib1   disturbed both T lineage commitment and MZB cell 
specifi  cation, suggesting that Dll1 and Dll4 should be non-
functional. Indeed, the BM transplantation experiments us-
ing the TNR mice (  51  ) demonstrate that the Mib1-null 
thymic microenvironment cannot initiate Notch signaling to 
thymic progenitors. Moreover, our reciprocal BM transplan-
tation experiments revealed that the Mib1-null lymphopoi-
etic niches cannot support T lineage commitment and MZB cell 
specifi  cation. This inability of Mib1-null microenvironments 
when either control siRNA/OP9-DL1 or Mib1 siRNA/
OP9-DL1 cells were cocultured with C2C12-Notch1 cells, 
Dll1 was not endocytosed but accumulated in the plasma 
membrane on the Mib1 siRNA/OP9-DL1 cells, whereas the 
endocytosis of Dll1 was readily observed as a punctate form 
on the control siRNA/OP9-DL1 cells (  Fig. 8 D  ). These re-
sults recapitulate the defect in T cell development observed 
in the   MMTV-Cre;Mib1  f/f     mice and provide the evidence 
that Mib1 in the stromal cells is required for T cell develop-
ment by regulating Dll1 endocytosis. 
    DISCUSSION   
  The Notch signaling pathway is involved throughout the he-
matolymphoid system, from the generation of defi  nitive HSCs 
to the diff  erentiation of peripheral T and B cells (  57, 58  ). In 
this study, our data provide in vivo evidence that an E3 ubiq-
uitin ligase of Notch signaling, Mib1, is required for lympho-
poiesis, including T lineage commitment and MZB cell 
development. Conditional inactivation of the   Mib1   gene caused 
a block of T lineage commitment and MZB cell develop-
ment, whereas their development was not perturbed in the 
other three mutant mice with inactivation of   Mib2  ,   Neur1  , 
and   Neur2  , and even in the   Neur1/2   double KO mice. More 
importantly, reciprocal BMT experiments revealed that Mib1 
in the thymic and splenic microenvironments is essential for 
Notch signaling to the hematopoietic progenitors. Although 
the Notch ligands and the E3 ligases are expressed in both 
hematopoietic progenitors and their microenvironments (  Fig. 
1, A and B  ) (  59  ), the defective Notch activation of hemato-
poietic progenitors and the failure of Notch ligand endocyto-
sis were observed in the Mib1-null microenvironment. These 
results demonstrate that Notch signaling in the lymphopoietic 
niches to progenitors, but not the interactions between he-
matopoietic cells, is required for lymphopoiesis. In addition, 
the block in T cell development and the defect in the endo-
cytosis of Dll1 were also observed in OP9-DL1 cell by Mib1 
knockdown. Collectively, our study provides the fi  rst in vivo 
evidence that Mib1, in the lymphopoietic niches, controls T 
lineage commitment and MZB cell development by regulat-
ing Notch signaling. 
  The Notch signaling pathway is conserved in all meta-
zoans. So far, four E3 ubiquitin-ligases, Mib1, Mib2, Neur1, and 
Neur2, which regulate the Notch ligands, have been identi-
fi  ed in vertebrates, and three, dMib1, dMib2, and dNeur, 
have been found in   D. melanogaster   (  21  –  28  ). In   D. melanogas-
ter  , mutations in   dNeur   result in a variety of developmental 
defects that closely resemble those of Notch mutants and other 
Notch pathway mutants (  60  –  62  ). However, mice with a dis-
rupted   Neur1   gene exhibit no abnormal cell fate specifi  ca-
tions during neurogenesis and somitogenesis, two processes 
involving Notch signaling (  35, 63  ). This discrepancy might 
be caused by the functional redundancy provided by Neur2. 
We originally expected a subset of Notch phenotypes in the 
  Neur1/2   double KO mice because most mutant mice with 
disruptions in the key components of the Notch signaling path-
way, such as Dll1, Dll4, Jag2, Notch1, Notch2, lunatic fringe, 2534 AN ESSENTIAL ROLE OF MIB1 IN LYMPHOPOIESIS   | Song et al. 
ter (Becton Dickinson). Cells were sorted with a FACSVantage fl  ow cytom-
eter (BD Biosciences). The data were analyzed using the CellQuest software 
(BD Biosciences). 
  Real-time PCR analysis.     For the real-time RT-PCR, RNA was extracted 
from the total thymus, spleen, and the FACS-sorted cells using an RNeasy 
Micro kit (QIAGEN) according to the manufacturer  ’  s instructions. Aliquots 
of 1 or 2   μ  g RNA were used for RT (Omniscript RT or Sensiscript RT; 
QIAGEN) with oligo-dT priming. GAPDH mRNA served as a control for 
relative quantifi  cation. For the genomic DNA PCR, genomic DNA was 
prepared from the CD45        cells sorted from collagenase-treated thymus and 
spleen using a DNeasy Blood   &   Tissue kit (QIAGEN). For detection and 
quantifi  cation, a MyiQ real-time PCR detection system (Bio-Rad Labora-
tories) was used. PCR reactions were performed using an iQ SYBR Green 
Supermix kit (Bio-Rad Laboratories). Primer information will be provided 
upon request. 
  Western blotting.     For Western blotting, the spleens were homogenized in 
lysis buff  er (10 mM Tris, pH 7.5, 150 mM NaCl, and 5 M EDTA) containing 
a protease inhibitor mixture (Roche). Generally, 50   μ  g of protein from the su-
pernatants were separated by size, blotted with primary and secondary anti-
bodies, and visualized with ECL plus (GE Healthcare). The primary antibodies 
used were anti-Mib1 (provided by P.J. Gallagher, Indiana University School 
of Medicine, Indianapolis, IN) and anti-actin (Sigma-Aldrich) antibodies. 
  BM chimeras.     CD45.1 mice (8  –  12-wk-old) were exposed to 960 rads of      
irradiation     4  –  6 h before receiving 5   ×   10  6   BM cells from the   MMTV-
Cre;Mib1  +/f     and   MMTV-Cre;Mib1  f/f     mice i.v. Inversely, the lethally irradiated 
  MMTV-Cre;Mib1  +/f     and   MMTV-Cre;Mib1  f/f     mice were i.v. injected with 
BM cells from the CD45.1 and TNR mice (  51  ). Mice were maintained on 
antibiotics in drinking water for 7 d. 
  Immunohistochemistry.     For histological analysis, tissues were fi  xed in 
4% paraformaldehyde overnight at 4  °  C and embedded in OCT for section-
ing. For immunohistochemistry, cryosections were incubated in blocking 
solution (3% BSA, 5% horse serum, and 0.5% Tween-20 in PBS) at room 
temperature for 3 h, followed by an additional incubation with various an-
tibodies against the following proteins: Mib1 (provided by J. Peng, School 
of Medicine, Emory University, Atlanta, GA [reference   69  ]), multi-keratin 
(clone C-11; NeoMarkers), Dll1 (sc-9932; Santa Cruz Biotechnology, 
Inc.), pan-reticular fi  broblast marker (clone ER-TR7; Cedarlane) and Hrs 
(provided by M.J. Clague, University of Liverpool, Liverpool, UK). Spe-
cifi  c binding was detected with Alexa 594  –   and 488  –  conjugated secondary 
antibodies (Invitrogen). Images were taken using confocal microscopy 
(FV1000; Olympus). 
  siRNA inhibition of Mib1 and OP9 cell cocultures.     For siRNA-medi-
ated silencing, we used SMART-pool Mouse Mib1 siRNA and siCON-
TROL non-targeting siRNA pool (Thermo Fisher Scientifi  c). These siRNA 
duplexes were electroporated into OP9-DL1 cells using Microporator appa-
ratus and buff  ers recommended by the manufacturer (Digital Bio Technol-
ogy). 36 h after electroporation, to allow siRNA silencing, Western blot 
analysis, luciferase assay, and OP9-DL1 cell coculture were performed. For 
the CBF-Luc assay, the 8  ×   CBF-luc vectors were transfected into C2C12-
Notch1 cells with pRL-TK vector using Lipofectamine (Invitrogen). Lucif-
erase activities were measured with a Dual Luciferase kit (Promega). For 
OP9-DL1 cell coculture, Lin       Sca-1  +  c-Kit  +   cells of fetal liver or BM were 
seeded on a monolayer of OP9-DL1 cells electroporated with siRNA and 
cultured as described (  31  ) for 5 or 7 d, respectively. After culture, growing 
cells were collected and analyzed by fl  ow cytometry. For OP9-DL1 co-
cultures with C2C12-Notch1, 10  5   C2C12-Notch1 cells were seeded into 
one well of a 24-well plate containing a monolayer of OP9-DL1 cells and 
cultured. After 12 h, the cells were immunostained with Dll1 antibody and 
then visualized with Alexa 594  –  conjugated secondary antibody (Invitrogen). 
Images were taken using microscopy (Axioskop2 Plus; Carl Zeiss, Inc.). 
might be caused by the malfunction of Dll1 and Dll4. Con-
sistent with this fi  nding, the Dll1 was accumulated in the 
  MMTV-Cre;Mib1  f/f     thymus, although it is unlikely that most 
of Dll1 was present at the plasma membrane. This abnormal 
localization of Dll1 might result from the continual accumu-
lation of Dll1 in the ER, Golgi, or other organelle in the ab-
sence of Mib1. Furthermore, the block in T cell development 
and the failure of Dll1 endocytosis were also found in OP9-
DL1 cells by Mib1 knockdown, which recapitulates the de-
fect in T cell development observed in the  MMTV-Cre;Mib1  f/f     
mice. Collectively, our data suggest that Mib1 controls Notch 
signaling in the thymic progenitors from the thymic stromal 
cells, through the regulation of Dll1 and Dll4. 
  We previously proposed that Mib1 and Neur2 may play 
a cooperative role in the endocytic pathway of Delta using 
COS-7 cell lines (  25  ). In this study, however, the endocytosis 
of Dll1 was impaired in the thymi from only   Mib1  -null mice 
but not   Neur1      /       ,   Neur2      /       , or   Neur1      /       ;  Neur2      /        mice. 
In addition,   Mib2        /      mice also showed normal endocytosis 
of Dll1, despite Mib2 readily inducing its endocytosis in vitro 
(  27  ). This discrepancy might be caused by the diff  erence be-
tween in vivo and in vitro systems. Our in vivo study using 
KO mice would represent more relevant physiology of the 
Notch ligand endocytosis than in vitro observation. 
  Many studies have reported that maintenance of HSCs 
and regulation of their self-renewal and diff  erentiation depends 
on their specifi  c microenvironment (  66, 67  ). Notch ligand  –
  receptor interactions between the BM microenvironment 
and hematopoietic cells are thought to have a role in the 
maintenance of HSCs (  68  ). In this paper, we have clearly shown 
that Notch signaling between the lymphopoietic niches and 
hematopoietic cells is required for T and MZB cell specifi  ca-
tion. This study will help elucidate the exact cellular sources 
in the lymphopoietic niches that trigger Notch signaling to 
their progenitors. 
  MATERIALS AND METHODS 
  Mice.     The   Mib1  f/f     mice (  34  ) were bred with   MMTV-Cre   and   Mx1-Cre   mice 
(Jackson ImmunoResearch Laboratories) for removal of the fl  oxed allele. 8-
wk-old   Mx1-Cre;Mib1  +/f     and   Mx1-Cre;Mib1  f/f     mice were injected i.p. four 
times at 2-d intervals with 300   μ  g pIpC. The   Mib2      /        and   Neur2      /        mice 
were previously generated by our group (  34  ). CD45.1 mice (Jackson Immuno-
Research Laboratories), the   Neur1      /        mice (  35  ), and the TNR mice (  51  ) 
were used. All of the mouse experiments were performed in the animal facil-
ity under POSTECH institutional guidelines. 
  Flow cytometry and cell sorting.     The following conjugated monoclonal 
antibodies were purchased from BD Biosciences unless otherwise indicated: 
CD45 (30-F11)-FITC; CD4 (RM4-5)-FITC, -PE, and -biotin; CD8     (53  –
  6.7)-FITC and -biotin; CD19 (1D3)-biotin; B220 (RA3-6B2)-FITC, -PE, 
-biotin and -APC; CD25 (7D4)-biotin; CD44 (IM7)-FITC and -biotin; 
CD24 (M1/69)-PE; CD117 (2B8)-PE and -APC; Sca-1 (E13-161.7)-FITC; 
CD3 (145-2C11)-biotin; Ter119 (Ly-76)-biotin; CD11b (M1/70)-biotin; 
Gr-1 (RB6-8C5)-biotin; CD21 (7G6)-FITC; CD23 (B3B4)-biotin; CD9 
(KMC8)-biotin; CD1d (1B1)-PE; IgM (II/41)-APC; CD45.1 (A20)-FITC 
and PE; CD45.2 (104)-FITC; and C1qRp (AA4.1, eBioscience)-FITC. Bio-
tin-conjugated monoclonal antibodies were detected with streptavidin-
PerCP (BD Biosciences). Single-cell suspensions were stained with the 
respective antibodies and were analyzed using a FACSCalibur fl  ow cytome-JEM VOL. 205, October 27, 2008 
ARTICLE
2535
signaling is involved in cell fate determination of marginal zone B cells.   
    Nat. Immunol.       3  :  443    –    450  .    
        16  .   Hozumi  ,  K.  ,  N.    Negishi  ,  D.    Suzuki  ,  N.    Abe  ,  Y.    Sotomaru  ,  N.    Tamaoki  , 
  C.     Mailhos  ,   D.     Ish-Horowicz  ,   S.     Habu  , and   M.J.     Owen  .   2004  .   Delta-
like 1 is necessary for the generation of marginal zone B cells but not T 
cells in vivo.       Nat. Immunol.       5  :  638    –    644  .    
        17  .   Artavanis-Tsakonas  ,   S.  ,   M.D.     Rand  , and   R.J.     Lake  .   1999  .   Notch sig-
naling: cell fate control and signal integration in development.       Science      .   
  284  :  770    –    776  .    
        18  .   Schweisguth  ,   F.     2004  .   Regulation of notch signaling activity.       Curr. Biol.     
  14  :  R129    –    R138  .   
        19  .   Bray  ,   S.  , and   M.     Furriols  .   2001  .   Notch pathway: making sense of sup-
pressor of hairless.       Curr. Biol.       11  :  R217    –    R221  .    
        20  .   Parks  ,   A.L.  ,   K.M.     Klueg  ,   J.R.     Stout  , and   M.A.     Muskavitch  .   2000  . 
  Ligand endocytosis drives receptor dissociation and activation in the 
Notch pathway.       Development      .     127  :  1373    –    1385  .   
        21  .   Itoh  ,   M.  ,   C.H.     Kim  ,   G.     Palardy  ,   T.     Oda  ,   Y.J.     Jiang  ,   D.     Maust  ,   S.Y.   
  Yeo  ,   K.     Lorick  ,   G.J.     Wright  ,   L.     Ariza-McNaughton  ,   et al  .   2003  .   Mind 
bomb is a ubiquitin ligase that is essential for effi   cient activation of 
Notch signaling by Delta.       Dev. Cell      .     4  :  67    –    82  .    
        22  .   Lai  ,   E.C.  ,   G.A.     Deblandre  ,   C.     Kintner  , and   G.M.     Rubin  .   2001  . 
    Drosophila   neuralized is a ubiquitin ligase that promotes the internaliza-
tion and degradation of delta.       Dev. Cell      .     1  :  783    –    794  .    
        23  .   Le Borgne  ,   R.  ,   S.     Remaud  ,   S.     Hamel  , and   F.     Schweisguth  .   2005  .   Two 
distinct E3 ubiquitin ligases have complementary functions in the regu-
lation of delta and serrate signaling in   Drosophila  .       PLoS Biol.       3  :  e96  .    
        24  .   Pavlopoulos  ,   E.  ,   M.     Kokkinaki  ,   E.     Koutelou  ,   T.A.     Mitsiadis  ,   P.     Prinos  , 
  C.     Delidakis  ,   M.W.     Kilpatrick  ,   P.     Tsipouras  , and   N.K.     Moschonas  . 
  2002  .   Cloning, chromosomal organization and expression analysis of 
Neurl, the mouse homolog of   Drosophila melanogaster   neuralized gene.   
    Biochim. Biophys. Acta      .     1574  :  375    –    382  .   
        25  .   Song  ,   R.  ,   B.K.     Koo  ,   K.J.     Yoon  ,   M.J.     Yoon  ,   K.W.     Yoo  ,   H.T.     Kim  , 
  H.J.     Oh  ,   Y.Y.     Kim  ,   J.K.     Han  ,   C.H.     Kim  , and   Y.Y.     Kong  .   2006  . 
  Neuralized-2 regulates a Notch ligand in cooperation with Mind bomb-
1.       J. Biol. Chem.       281  :  36391    –    36400  .    
        26  .   Koo  ,   B.K.  ,   H.S.     Lim  ,   R.     Song  ,   M.J.     Yoon  ,   K.J.     Yoon  ,   J.S.     Moon  , 
  Y.W.     Kim  ,   M.C.     Kwon  ,   K.W.     Yoo  ,   M.P.     Kong  ,   et al  .   2005  .   Mind 
bomb 1 is essential for generating functional Notch ligands to activate 
Notch.       Development      .     132  :  3459    –    3470  .    
        27  .   Koo  ,   B.K.  ,   K.J.     Yoon  ,   K.W.     Yoo  ,   H.S.     Lim  ,   R.     Song  ,   J.H.     So  ,   C.H.   
  Kim  , and   Y.Y.     Kong  .   2005  .   Mind bomb-2 is an E3 ligase for Notch 
ligand.       J. Biol. Chem.       280  :  22335    –    22342  .    
        28  .   Lai  ,   E.C.  ,   F.     Roegiers  ,   X.     Qin  ,   Y.N.     Jan  , and   G.M.     Rubin  .   2005  .   The 
ubiquitin ligase   Drosophila   Mind bomb promotes Notch signaling by 
regulating the localization and activity of Serrate and Delta.       Development      .   
  132  :  2319    –    2332  .    
        29  .   Pui  ,   J.C.  ,   D.     Allman  ,   L.     Xu  ,   S.     DeRocco  ,   F.G.     Karnell  ,   S.     Bakkour  , 
  J.Y.     Lee  ,   T.     Kadesch  ,   R.R.     Hardy  ,   J.C.     Aster  , and   W.S.     Pear  .   1999  . 
  Notch1 expression in early lymphopoiesis infl  uences B versus T lineage 
determination.       Immunity      .     11  :  299    –    308  .    
        30  .   Harman  ,  B.C.  ,  E.J.    Jenkinson  , and  G.    Anderson  .  2003  .  Microenvironmental 
regulation of Notch signalling in T cell development.       Semin. Immunol.     
  15  :  91    –    97  .    
        31  .   Schmitt  ,   T.M.  , and   J.C.     Zuniga-Pfl  ucker  .   2002  .   Induction of T cell 
development from hematopoietic progenitor cells by delta-like-1 in vitro.   
    Immunity      .     17  :  749    –    756  .    
        32  .   Anderson  ,   G.  ,   J.     Pongracz  ,   S.     Parnell  , and   E.J.     Jenkinson  .   2001  .   Notch 
ligand-bearing thymic epithelial cells initiate and sustain Notch signal-
ing in thymocytes independently of T cell receptor signaling.       Eur. J. 
Immunol.       31  :  3349    –    3354  .    
        33  .   Harman  ,   B.C.  ,   E.J.     Jenkinson  , and   G.     Anderson  .   2003  .   Entry into the 
thymic microenvironment triggers Notch activation in the earliest mi-
grant T cell progenitors.       J. Immunol.       170  :  1299    –    1303  .   
        34  .   Koo  ,   B.K.  ,   M.J.     Yoon  ,   K.J.     Yoon  ,   S.K.     Im  ,   Y.Y.     Kim  ,   C.H.     Kim  ,   P.G.   
  Suh  ,   Y.N.     Jan  , and   Y.Y.     Kong  .   2007  .   An obligatory role of mind bomb-1 
in notch signaling of Mammalian development.       PLoS ONE      .     2  :  e1221  .    
      35  .   Ruan  ,   Y.  ,   L.     Tecott  ,   M.M.     Jiang  ,   L.Y.     Jan  , and   Y.N.     Jan  .   2001  .   Ethanol 
hypersensitivity and olfactory discrimination defect in mice lacking a homo-
log of Drosophila neuralized.       Proc. Natl. Acad. Sci. USA      .     98  :  9907    –    9912  .    
  Online supplemental material.     Fig. S1 shows the reduction of T cell 
subsets in the thymus of the   Mx1-Cre;Mib1  f/f     mice. Fig. S2 shows fl  ow cyto-
metric analysis which exhibits the MZB cell defect in the   Mx1-Cre;Mib1  f/f     
mice. Fig. S3 shows the normal endocytosis of Dll1 in the thymi from the 
  Mib2      /        and   Neur1      /       ;  Neur2      /        mice by immunostaining. Fig. S4 shows 
the expression of the stromal cell markers cytokeratin and ERTR7, suggest-
ing that Mib1 did not aff  ects the diff  erentiation of the stromal cells in the 
thymus of the   MMTV-Cre;Mib1  f/f     mice. Online supplemental material is 
available at http://www.jem.org/cgi/content/full/jem.20081344/DC1. 
  We thank Drs. Y.N. Jan, N. Gaiano, J. Peng, and J.C. Zuniga-Pfl  ucker for kindly 
providing the   Neur1    /      mice, the TNR mice, Mib1 antibody, and the OP9-DL1 cells, 
respectively. 
  This work was supported by the Korea Science and Engineering Foundation 
grant funded by the Korea government (R11-2001-090-03001-0; M10641000038-
06N4100-03810). 
  The authors have no confl  icting fi  nancial interests. 
Submitted:   20 June 2008 
Accepted:   19 August 2008 
  REFERENCES 
       1  .   Miller  ,   J.F.     1961  .   Immunological function of the thymus.       Lancet      .   
  278  :  748    –    749  .    
       2  .   Cantor  ,   H.  , and   I.     Weissman  .   1976  .   Development and function of sub-
populations of thymocytes and T lymphocytes.       Prog. Allergy      .     20  :  1    –    64  .   
       3  .   Stutman  ,   O.     1978  .   Intrathymic and extrathymic T cell maturation.   
    Immunol. Rev.       42  :  138    –    184  .    
       4  .   Takahama  ,   Y.     2006  .   Journey through the thymus: stromal guides for 
T-cell development and selection.       Nat. Rev. Immunol.       6  :  127    –    135  .    
       5  .   Ladi  ,   E.  ,   X.     Yin  ,   T.     Chtanova  , and   E.A.     Robey  .   2006  .   Thymic microenvi-
ronments for T cell diff  erentiation and selection.       Nat. Immunol.       7  :  338    –    343  .    
       6  .   Washburn  ,   T.  ,   E.     Schweighoff  er  ,   T.     Gridley  ,   D.     Chang  ,   B.J.     Fowlkes  , 
  D.     Cado  , and   E.     Robey  .   1997  .   Notch activity infl  uences the alphabeta 
versus gammadelta T cell lineage decision.       Cell      .     88  :  833    –    843  .    
       7  .   Wolfer  ,   A.  ,   A.     Wilson  ,   M.     Nemir  ,   H.R.     MacDonald  , and   F.     Radtke  . 
  2002  .   Inactivation of Notch1 impairs VDJbeta rearrangement and allows 
pre-TCR-independent survival of early alpha beta Lineage Thymocytes.   
    Immunity      .     16  :  869    –    879  .    
       8  .   Tanigaki  ,   K.  ,   M.     Tsuji  ,   N.     Yamamoto  ,   H.     Han  ,   J.     Tsukada  ,   H.     Inoue  , 
  M.     Kubo  , and   T.     Honjo  .   2004  .   Regulation of alphabeta/gammadelta 
T cell lineage commitment and peripheral T cell responses by Notch/
RBP-J signaling.       Immunity      .     20  :  611    –    622  .    
       9  .   Garbe  ,   A.I.  ,   A.     Krueger  ,   F.     Gounari  ,   J.C.     Zuniga-Pfl  ucker  , and   H.     von 
Boehmer  .  2006  .  Diff  erential synergy of Notch and T cell receptor signal-
ing determines          versus          lineage fate.       J. Exp. Med.       203  :  1579    –    1590  .     
        10  .   Han  ,   H.  ,   K.     Tanigaki  ,   N.     Yamamoto  ,   K.     Kuroda  ,   M.     Yoshimoto  ,   T.   
  Nakahata  ,   K.     Ikuta  , and   T.     Honjo  .   2002  .   Inducible gene knock-
out of transcription factor recombination signal binding protein-J 
reveals its essential role in T versus B lineage decision.       Int. Immunol.     
  14  :  637    –    645  .    
        11  .   Radtke  ,   F.  ,   A.     Wilson  ,   G.     Stark  ,   M.     Bauer  ,   J.     van Meerwijk  ,   H.R.   
  MacDonald  , and   M.     Aguet  .   1999  .   Defi  cient T cell fate specifi  cation in 
mice with an induced inactivation of Notch1.       Immunity      .     10  :  547    –    558  .    
        12  .   Tan  ,   J.B.  ,   I.     Visan  ,   J.S.     Yuan  , and   C.J.     Guidos  .   2005  .   Requirement for 
Notch1 signals at sequential early stages of intrathymic T cell develop-
ment.       Nat. Immunol.       6  :  671    –    679  .    
        13  .   Sambandam  ,   A.  ,   I.     Maillard  ,   V.P.     Zediak  ,   L.     Xu  ,   R.M.     Gerstein  ,   J.C.   
  Aster  ,   W.S.     Pear  , and   A.     Bhandoola  .   2005  .   Notch signaling controls 
the generation and diff  erentiation of early T lineage progenitors.       Nat. 
Immunol.       6  :  663    –    670  .    
        14  .   Saito  ,   T.  ,   S.     Chiba  ,   M.     Ichikawa  ,   A.     Kunisato  ,   T.     Asai  ,   K.     Shimizu  ,   T.   
  Yamaguchi  ,   G.     Yamamoto  ,   S.     Seo  ,   K.     Kumano  ,   et al  .   2003  .   Notch2 is 
preferentially expressed in mature B cells and indispensable for marginal 
zone B lineage development.       Immunity      .     18  :  675    –    685  .    
        15  .   Tanigaki  ,   K.  ,   H.     Han  ,   N.     Yamamoto  ,   K.     Tashiro  ,   M.     Ikegawa  ,   K.   
  Kuroda  ,   A.     Suzuki  ,   T.     Nakano  , and   T.     Honjo  .   2002  .   Notch-RBP-J 2536 AN ESSENTIAL ROLE OF MIB1 IN LYMPHOPOIESIS   | Song et al. 
        36  .   Wagner  ,   K.U.  ,   K.     McAllister  ,   T.     Ward  ,   B.     Davis  ,   R.     Wiseman  , and   L.   
  Hennighausen  .   2001  .   Spatial and temporal expression of the Cre gene 
under the control of the MMTV-LTR in diff  erent lines of transgenic 
mice.       Transgenic Res.       10  :  545    –    553  .    
        37  .   Hathcock  ,   K.S.  ,   H.     Hirano  ,   S.     Murakami  , and   R.J.     Hodes  .   1993  .   CD44 
expression on activated B cells. Diff  erential capacity for CD44-dependent 
binding to hyaluronic acid.       J. Immunol.       151  :  6712    –    6722  .   
        38  .   Kuhn  ,   R.  ,   F.     Schwenk  ,   M.     Aguet  , and   K.     Rajewsky  .   1995  .   Inducible 
gene targeting in mice.       Science      .     269  :  1427    –    1429  .    
        39  .   Donskoy  ,   E.  , and   I.     Goldschneider  .   1992  .   Thymocytopoiesis is main-
tained by blood-borne precursors throughout postnatal life. A study in 
parabiotic mice.       J. Immunol.       148  :  1604    –    1612  .   
        40  .   Foss  ,   D.L.  ,   E.     Donskoy  , and   I.     Goldschneider  .   2001  .   The importation 
of hematogenous precursors by the thymus is a gated phenomenon in 
normal adult mice.       J. Exp. Med.       193  :  365    –    374  .    
        41  .   Porritt  ,   H.E.  ,   L.L.     Rumfelt  ,   S.     Tabrizifard  ,   T.M.     Schmitt  ,   J.C.     Zuniga-
Pfl  ucker  , and   H.T.     Petrie  .   2004  .   Heterogeneity among DN1 prothymo-
cytes reveals multiple progenitors with diff  erent capacities to generate T 
cell and non-T cell lineages.       Immunity      .     20  :  735    –    745  .    
        42  .   Roark  ,   J.H.  ,   S.H.     Park  ,   J.     Jayawardena  ,   U.     Kavita  ,   M.     Shannon  , and   A.   
  Bendelac  .   1998  .   CD1.1 expression by mouse antigen-presenting cells 
and marginal zone B cells.       J. Immunol.       160  :  3121    –    3127  .   
        43  .   Won  ,   W.J.  , and   J.F.     Kearney  .   2002  .   CD9 is a unique marker for 
marginal zone B cells, B1 cells, and plasma cells in mice.       J. Immunol.     
  168  :  5605    –    5611  .   
        44  .   Makar  ,   K.W.  ,   D.     Ulgiati  ,   J.     Hagman  , and   V.M.     Holers  .   2001  .   A site 
in the complement receptor 2 (CR2/CD21) silencer is necessary for 
lineage specifi  c transcriptional regulation.       Int. Immunol.       13  :  657    –    664  .    
        45  .   Strobl  ,   L.J.  ,   H.     Hofelmayr  ,   G.     Marschall  ,   M.     Brielmeier  ,   G.W.   
  Bornkamm  , and   U.     Zimber-Strobl  .   2000  .   Activated Notch1 modulates 
gene expression in B cells similarly to Epstein-Barr viral nuclear antigen 
2.       J. Virol.       74  :  1727    –    1735  .    
        46  .   Pillai  ,   S.     1999  .   The chosen few? Positive selection and the generation of 
naive B lymphocytes.       Immunity      .     10  :  493    –    502  .    
        47  .   Loder  ,   F.  ,   B.     Mutschler  ,   R.J.     Ray  ,   C.J.     Paige  ,   P.     Sideras  ,   R.     Torres  , 
  M.C.     Lamers  , and   R.     Carsetti  .   1999  .   B cell development in the spleen 
takes place in discrete steps and is determined by the quality of B cell 
receptor  –  derived signals.       J. Exp. Med.       190  :  75    –    89  .    
        48  .   Maillard  ,   I.  ,   A.P.     Weng  ,   A.C.     Carpenter  ,   C.G.     Rodriguez  ,   H.     Sai  ,   L.     Xu  , 
  D.    Allman  ,  J.C.    Aster  , and  W.S.    Pear  .  2004  .  Mastermind critically regulates 
Notch-mediated lymphoid cell fate decisions.       Blood      .     104  :  1696    –    1702  .    
        49  .   Allman  ,   D.  ,   R.C.     Lindsley  ,   W.     DeMuth  ,   K.     Rudd  ,   S.A.     Shinton  , and 
  R.R.     Hardy  .   2001  .   Resolution of three nonproliferative immature 
splenic B cell subsets reveals multiple selection points during peripheral 
B cell maturation.       J. Immunol.       167  :  6834    –    6840  .   
      50  .   Mancini  ,  S.J.  ,  N.    Mantei  ,  A.    Dumortier  ,  U.    Suter  ,  H.R.    MacDonald  , and  F.   
  Radtke  .   2005  .   Jagged1-dependent Notch signaling is dispensable for hema-
topoietic stem cell self-renewal and diff  erentiation.       Blood      .     105  :  2340    –    2342  .   
        51  .   Duncan  ,   A.W.  ,   F.M.     Rattis  ,   L.N.     DiMascio  ,   K.L.     Congdon  ,   G.   
  Pazianos  ,   C.     Zhao  ,   K.     Yoon  ,   J.M.     Cook  ,   K.     Willert  ,   N.     Gaiano  , and   T.   
  Reya  .   2005  .   Integration of Notch and Wnt signaling in hematopoietic 
stem cell maintenance.       Nat. Immunol.       6  :  314    –    322  .    
        52  .   Le Borgne  ,   R.  , and   F.     Schweisguth  .   2003  .   Unequal segregation of 
Neuralized biases Notch activation during asymmetric cell division.   
    Dev. Cell      .     5  :  139    –    148  .    
        53  .   Emery  ,   G.  ,   A.     Hutterer  ,   D.     Berdnik  ,   B.     Mayer  ,   F.     Wirtz-Peitz  ,   M.G.   
  Gaitan  , and   J.A.     Knoblich  .   2005  .   Asymmetric Rab 11 endosomes regu-
late delta recycling and specify cell fate in the   Drosophila   nervous system.   
    Cell      .     122  :  763    –    773  .    
        54  .   Schmitt  ,   T.M.  ,   M.     Ciofani  ,   H.T.     Petrie  , and   J.C.     Zuniga-Pfl  ucker  . 
  2004  .   Maintenance of T cell specification and differentiation re-
quires recurrent notch receptor  –  ligand interactions.       J. Exp. Med.     
  200  :  469    –    479  .    
        55  .   Suniara  ,   R.K.  ,   E.J.     Jenkinson  , and   J.J.     Owen  .   2000  .   An essential role 
for thymic mesenchyme in early T cell development.       J. Exp. Med.     
  191  :  1051    –    1056  .    
        56  .   Yoon  ,   M.J.  ,   B.K.     Koo  ,   R.     Song  ,   H.W.     Jeong  ,   J.     Shin  ,   Y.W.     Kim  ,   Y.Y.   
  Kong  , and   P.G.     Suh  .   2008  .   Mind bomb-1 is essential for intra-embry-
onic hematopoiesis in the aortic endothelium and the SAPs.       Mol. Cell. 
Biol.       28  :  4794    –    4804  .    
        57  .   Hadland  ,   B.K.  ,   S.S.     Huppert  ,   J.     Kanungo  ,   Y.     Xue  ,   R.     Jiang  ,   T.     Gridley  , 
  R.A.     Conlon  ,   A.M.     Cheng  ,   R.     Kopan  , and   G.D.     Longmore  .   2004  .   A 
requirement for Notch1 distinguishes 2 phases of defi  nitive hematopoi-
esis during development.       Blood      .     104  :  3097    –    3105  .    
        58  .   Maillard  ,   I.  ,   T.     Fang  , and   W.S.     Pear  .   2005  .   Regulation of lymphoid 
development, diff   erentiation, and function by the Notch pathway.   
    Annu. Rev. Immunol.       23  :  945    –    974  .    
        59  .   Maillard  ,   I.  ,   S.H.     Adler  , and   W.S.     Pear  .   2003  .   Notch and the immune 
system.       Immunity      .     19  :  781    –    791  .    
        60  .   Hartenstein  ,   A.Y.  ,   A.     Rugendorff    ,   U.     Tepass  , and   V.     Hartenstein  .   1992  . 
  The function of the neurogenic genes during epithelial development in 
the   Drosophila   embryo.       Development      .     116  :  1203    –    1220  .   
        61  .   Lai  ,   E.C.  , and   G.M.     Rubin  .   2001  .   neuralized functions cell-autono-
mously to regulate a subset of notch-dependent processes during adult 
  Drosophila   development.       Dev. Biol.       231  :  217    –    233  .    
        62  .   Yeh  ,   E.  ,   L.     Zhou  ,   N.     Rudzik  , and   G.L.     Boulianne  .   2000  .   Neuralized 
functions cell autonomously to regulate   Drosophila   sense organ develop-
ment.       EMBO J.       19  :  4827    –    4837  .    
        63  .   Vollrath  ,   B.  ,   J.     Pudney  ,   S.     Asa  ,   P.     Leder  , and   K.     Fitzgerald  .   2001  . 
  Isolation of a murine homologue of the   Drosophila   neuralized gene, a 
gene required for axonemal integrity in spermatozoa and terminal matu-
ration of the mammary gland.       Mol. Cell. Biol.       21  :  7481    –    7494  .    
        64  .   Wang  ,   W.  , and   G.     Struhl  .   2005  .   Distinct roles for Mind bomb, 
Neuralized and Epsin in mediating DSL endocytosis and signaling in 
  Drosophila  .       Development      .     132  :  2883    –    2894  .    
        65  .   Pitsouli  ,   C.  , and   C.     Delidakis  .   2005  .   The interplay between DSL 
proteins and ubiquitin ligases in Notch signaling.       Development      .   
  132  :  4041    –    4050  .    
        66  .   Scadden  ,   D.T.     2006  .   The stem-cell niche as an entity of action.       Nature      .   
  441  :  1075    –    1079  .    
        67  .   Wilson  ,   A.  , and   A.     Trumpp  .   2006  .   Bone-marrow haematopoietic-
stem-cell niches.       Nat. Rev. Immunol.       6  :  93    –    106  .    
        68  .   Calvi  ,   L.M.  ,   G.B.     Adams  ,   K.W.     Weibrecht  ,   J.M.     Weber  ,   D.P.     Olson  , 
  M.C.     Knight  ,   R.P.     Martin  ,   E.     Schipani  ,   P.     Divieti  ,   F.R.     Bringhurst  , 
  et al  .   2003  .   Osteoblastic cells regulate the haematopoietic stem cell niche.   
    Nature      .     425  :  841    –    846  .    
        69  .   Choe  ,   E.A.  ,   L.     Liao  ,   J.Y.     Zhou  ,   D.     Cheng  ,   D.M.     Duong  ,   P.     Jin  ,   L.H.   
  Tsai  , and   J.     Peng  .   2007  .   Neuronal morphogenesis is regulated by the 
interplay between cyclin-dependent kinase 5 and the ubiquitin ligase 
mind bomb 1.       J. Neurosci.       27  :  9503    –    9512  .                    